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ABSTRACT 
Tetronics are X-shaped block-copolymers of polyethylene oxide and polypropylene 
oxide, which self-assemble into micelles and undergo a sol-gel transition; these 
transitions are dependent on temperature, concentration but also pH, due to the central 
diamine group of the tetrablock. We report the nanoscale morphologies underlying 
these different phases and the rheology of the systems for a very large, highly 
hydrophilic Tetronic: T908 through the combined use of oscillatory rheology, steady-
state and time-resolved fluorescence, small-angle neutron scattering (SANS), 
dynamic light scattering (DLS) and Fourier transform infrared attenuated total 
reflectance (FTIR-ATR). At low concentrations, SANS reveal core-shell micelles of 
ca. 10 nm radius, presenting a dehydrated core and a highly hydrated shell (94% D2O), 
with relatively small aggregation numbers (Nagg ≈ 13). T                      y 
affected by the pH, due to the protonation of the central amine spacer at acidic pH 
(p  ≈ 2), which shifts micellization to higher temperature, with smaller micelles than 
at natural pH. In the intermediate concentration regime (10 to 15%), micelles are 
smaller (Nagg ≈ 4), and present a higher hydration of the core. In the high 
concentration regime, Tetronic 908 undergoes a sol-gel transition above a threshold 
temperature, which is fully inhibited at acidic pH. SANS data from the gel phase 
*4c: Unmarked Revised manuscript
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reveal a BCC order of tightly packed spheres. Temperature sweeps in oscillatory 
rheology show a shift of the onset of gelation towards lower temperatures as 
concentration increases, an increase in the elastic modulus G’ and an expansion of gel 
region over a larger range of temperatures. SANS and rheology reveal that at slightly 
acidic pH, below the natural pH of ca. 8, gelation is shifted to higher temperatures, 
but the morphology of the gels is similar. 
INTRODUCTION 
Poly (ethylene oxide) (PEO)/poly (propylene oxide) (PPO) block copolymers have 
been studied over the last decades.
1,2
 The presence of PEO and PPO moieties, of a
hydrophilic and hydrophobic nature, respectively, enables their self-assembly in 
solution, where they form mostly spherical micelles, and more elongated structures 
close to phase boundaries.
3–5
 Temperature, concentration, molecular weight of the
blocks and their configuration can be tuned to provide a wide span of properties. The 
synthesis, chemical analysis, aggregation and structure, foaming and surface 
properties, toxicology and biological activity, as well as applications of this family of 
block copolymers have been extensively described in a number of classic and recent 
reviews.
1,6,7
 In addition to their use as solubilizing agents, these amphiphilic block
copolymers have also been shown to overcome multidrug resistance, a major obstacle 
for effective cancer therapy, by inhibiting ATP-binding cassette transporters.
2,8
The first PEO/PPO surfactants studied and most widely used are the linear PEO-PPO-
PEO triblock copolymers, known as poloxamers or Pluronic®. The full 
characterization of these copolymers
9
 and important applications have been reported,
including detergency, foaming, emulsification, lubrication, cosmetics,
10,11
 and their
use as vehicles for drug delivery.
2,8,12–14
More complex architectures, such as non-linear block copolymers and multiblock 
copolymers, have also been studied, expanding the number of accessible 
morphologies.
15,16
 These non-linear polymer backbones can be obtained by linking
PEO and PPO blocks to a central functional group, forming for instance the category 
of X-shaped tetrablock copolymers referred to as poloxamines or Tetronic® (BASF). 
Each of the four arms comprises a PPO and a PEO block, which are connected by a 
central ethylene diamine spacer. Different Tetronics are obtained by varying the 
number of PO and EO monomers, offering a wide range of hydrophilic-lipophilic 
balances (HLB) and molecular weights, and hence a rich phase behaviour,
17
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dependent on both temperature and pH (due to the protonation of the central diamine 
group,
18,19
 which can also be exploited for further chemical modification to attain 
other properties).
20
 The micellization and gelation at high concentration and 
temperature of some Tetronics have been reported by us
19,21–23
 mainly from a 
structural point of view, and by other groups.
24
 However, the full characterization of 
this attractive class of polymers is only starting to emerge, while their applications as 
biomaterials are expanding.
25,26
 
In this work, we report for the first time the nanostructure of T908 micelles, and its 
gelation in the concentrated regime. Tetronic 908 is a very large and hydrophilic 
poloxamine (21 PO and 114 EO units per arm, HLB>24), which shows the ability to 
form gels, with values of the elastic modulus similar to those of other Tetronics 
reported to date. Its long PEO chains make it particularly attractive to impart stealth 
properties to nanoparticles, namely, to prolong their circulation time by suppressing 
opsonization, while achieving optimum stabilisation.
27,28
 It has also been used as a 
biomaterial, for instance in scaffolds to promote the differentiation of mesenchymal 
stem cells into osteoblasts
25
, as well as in implant for the sustained delivery of 
ciprofloxacin to treat osteomyelitis.
26
 In addition, its structure is reminiscent of its 
Pluronic counterpart, F127 (triblock with a central 60 PO units, flanked by 100 EO on 
each side), extensively studied as a drug carrier and for its role against multidrug 
resistance.
2
 With approximately the same block length and double the molecular 
weight, T908 is broadly equivalent to two F127 which would be connected in the 
middle; it is therefore interesting to compare and contrast the micellar structures and 
gelation behaviour of these two related amphiphilic copolymers. While previous 
SANS studies on this Tetronic have been reported in the literature, they were 
specifically focused on the structure of the gel phase under flow.
29–32
 This is the first 
structural study covering the micelles from the dilute to the concentrated regime 
including the gel phase, through the combined use dynamic light scattering (DLS), 
small-angle neutron scattering (SANS), steady-state and time-resolved fluorescence, 
Fourier transform infrared attenuated total reflectance (FTIR-ATR) and oscillatory 
rheology. We explore specifically the impact of pH and temperature on micellar 
structure and phase behaviour, with to develop formulations responsive to these two 
environmental parameters. We also carefully examine the effect of switching H2O for 
D2O, (which is necessary to obtain contrast in SANS), an effect which is often 
overlooked in the literature. 
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MATERIALS AND METHODS 
Materials. Tetronic 908 (hereafter, T908) was a gift from BASF, and used without 
further purification, with a reported composition of 21 PO and 114 EO units per arm, 
HLB>24 and average molecular weight of 25,000 g·mol
-1
. The reported pKas for this
poloxamine are 5.2 and 7.9 for pKa1 and pKa2, respectively.
18
 With the concentrations
used in this work, the solutions are slightly alkaline, with typical pH values ranging 
from 8.0 to 10.0. The solutions were prepared either in deionized water or in D2O 
(Aldrich >99.9% in D), as specified in the text. All concentrations are expressed in 
weight percentage. 
Sol-gel diagrams. Solutions of T908 from 5 to 40% were prepared both in water and 
D2O at different pH conditions, referred to as natural (above pKa2), intermediate 
(between pKa1 and pKa2) and acidic (below pKa1). The solutions were prepared by 
repeated cycles of stirring and cooling (4ºC), until a homogeneous and transparent 
solution was obtained. For the samples at acidic and intermediate pH, a minimal 
volume of concentrated commercial HCl (Aldrich, 36%) or its dilution was added to a 
T908 solution. The solutions were then kept at 4ºC for 24 hours before observation. 
About 1.5 mL of each sample was placed in a rectangular glass cuvette and 
introduced in a thermo-controlled Peltier cell holder, where it was gradually heated up 
from 20 to 70ºC in 5ºC increments (0.1ºC accuracy), and the physical appearance (sol, 
viscous liquid or gel) noted after 5 minutes of thermal homogenization at each 
temperature. 
Dynamic Light Scattering (DLS). The intensity particle size distributions were 
obtained with either a Malvern ZetaSizer Nano or a Protein Solutions DynaPro MS/X 
photon correlation spectrometer (wavelengths of 633 and 820 nm, respectively). The 
particle size distributions were calculated from the analysis of the autocorrelation 
function, with the software packages implemented (ZetaSizer and DynaLS 6.0), 
taking into account the refractive index and viscosity of the solvent, as a function of 
the temperature,
33,34
 which was controlled with the built-in Peltier for each instrument
(0.1ºC accuracy). Prior to the measurements, samples were filtered with 0.22 μ  pore 
size Millex syringe PVDF filters into semi-micro glass cells. In some selected 
solutions 0.02 μ                    filters (Anotop, Whatman®) were used.
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Small-Angle Neutron Scattering (SANS) and data analysis.       p             
      d            K  -2 d                                                     
(    )       , Germany.35 An incidental wavelength of 5 Å was used with detector
distances of 1.7 and 7.6 m, with a collimation length of 8 m, to cover the q range from 
0.008 to 0.5 Å
-1
. I          d  d   d      v         p   d Δλ/λ = 20% was used, 
while in the concentrated regime, a high-resolution mode was achieved by using a 
collimation length of 20 m in combination with the double-disc chopper and time-of-
       d      q                 p  v d   v         p   d    Δλ/λ = 5%. All samples 
were measured in quartz cells (Hellma) with a path length of 2 mm using D2O as the 
solvent. The samples were placed in an aluminium rack where water was recirculated 
from an external Julabo cryostat, ranging temperatures from 20ºC to 65ºC. This set-up 
enables a thermal control with up to 0.1ºC precision. Scattered intensities were 
corrected for detector pixel efficiency, empty cell scattering and background due to 
electronic noise. The data were set to absolute scale using Plexiglas as a secondary 
standard. The obtained macroscopic differential cross-section dΣ/dΩ was further 
corrected for the contribution from the solvent. The complete data reduction process 
was performed with the QtiKWS software provided by JCNS in Garching.
35
SANS curves were fitted using SasView 3.1.2 software.
36
 Scattering curves of T908
in its unimer form were fitted with a four-arm star-shape polymer model,
37
 while
micelles were fitted to core-shell spheres (CSS), considering a hard-sphere (HS) 
structure factor in the concentrated regime. Instrumental smearing of the data was also 
taken into account into the calculations. The size polydispersity of the micelles was 
fixed at 0.2 in the fits, in accordance with the polydispersity obtained by DLS 
experiments, assuming a log-normal size distribution. As T908 is highly hydrophilic, 
it is safe to assume that the micellar shell is hydrated to a great extent. The precise 
degree of hydration of the hydrophilic corona was estimated from the fitted value of 
the scattering length density (sld) of the shell, shell. The solvent volume fraction in 
the shell is related to the scattering length densities of pure EO, EO and     by: 
             
           
        
Eq. 1 
The same applies to the solvent in the core, where the scattering length densities of 
pure PO, PO and     are related to solvent volume fraction by: 
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Eq. 2 
Hence, the number of water molecules, nsolv, in the shell and in the core can be 
calculated from: 
                         
      
    
Eq. 3 
                       
     
    
Eq. 4 
where  
   is the volume of a molecule of solvent and Vshell and Vcore are those of the 
shell and the core, respectively. The volume of the micelle is: 
                  Eq. 5 
where vs is the volume of the surfactant, and Vm is known from the geometrical 
parameters deduced from the fit (core radius and shell thickness). The aggregation 
number, Nagg, can then be readily deduced from Eq. 5, as well as the number of water 
molecules per ethylene oxide monomer in the shell, nsolv/EO. 
Analysis of the SANS data from the gels was carried out using the different 
paracrystal models implemented in the Sasview software, as described in detail in the 
results section. 
Steady-state and time-resolved fluorescence. Emission spectra and fluorescence 
lifetimes of pyrene were measured with a FLS920 spectrofluorimeter (Edinburgh 
Instruments), in 1 cm path-length quartz cuvettes. A 450 W Xe lamp was used as the 
source for the steady state fluorescence experiments, by exciting at 326 nm, with 3.0 
nm excitation and emission slits. The concentration of the fluorophore was 
approximately 1·10
-7
 mol·L
-1
. For the study of the emission decays, the measurements
were performed in the Time-Correlation Single Photon Counting (TCSPC) mode, 
switching the continuous source to a pulsed-diode triggered with a PDL 800-D pulse 
generator (PicoQuant). The nominal excitation wavelength of the LED was 310 nm, 
with a pulse width of 6 ns, and the emission was collected at 372 nm along 200 ns 
(4096 channels) for 5000 counts. Fitting of the fluorescence decays to obtain the 
corresponding lifetimes was performed with F900 Fluorescence Spectrometer 
software (Edinburgh Instruments Ltd.), by deconvolution with the scattering signal of 
a diluted Ludox® solution. Fluorescence decays are given by: 
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      Eq. 6 
where A corresponds to the background, Bi is an amplitude factor related to the 
intrinsic quantum yield of fluorescence and concentration of the i species, and τi is its 
corresponding fluorescence lifetime.  
The addition of the amphiphile quenches the fluorescence of the pyrene. This process 
follows the Stern-Volmer equation:  
 
  
 
                             Eq. 7                          
where τ0 and τ are the fluorescence lifetimes of pyrene alone and in the presence of 
Tetronic, respectively, kq is the molecular bimolecular quenching constant, KD is the 
Stern-Volmer quenching constant, and [Q] the molar concentration of the surfactant 
(quencher). In all fluorescence experiments, the temperature was controlled with an 
external LAUDA E100 recirculating bath (0.1ºC accuracy) and N2 was bubbled for 
one minute prior to the measurements directly in the cell, so as to avoid the quenching 
effect of the oxygen.  
 
Rheology. Temperature, frequency and strain amplitude experiments were performed 
on a dynamic strain-controlled rheometer ARES (TA Instruments) using a plate-plate 
geometry (diameter of 25 mm) with a temperature-controlling Peltier unit. After 
loading the samples, a thin layer of low viscosity paraffin oil was added around the 
edges of the plate to prevent evaporation. Temperature ramp tests were performed at a 
constant angular frequency of 6.28 rad·s
-1
 and 1% strain amplitude (as obtained in the 
linear viscoelastic region from amplitude sweeps) covering temperatures from 20 to 
80 ºC, with a heating rate of 2 ºC/min. Frequency sweep measurements were 
performed at 50 ºC and a constant strain of 0.5%.  
 
Infrared Spectroscopy (FTIR-ATR). FTIR spectra of concentrated solutions of T908 in 
water were collected using a Shimadzu IR Affinity-1S FTIR spectrometer, equipped 
with a thermostated Golden Gate diamond ATR accessory. The sample was placed 
directly on the diamond window and covered with a cap to avoid evaporation from 
the solution. 32 scans per spectrum were collected at intervals of 5ºC, with a 
resolution of 2 cm
-1
 in the temperature range 20-70ºC. The spectra were treated with 
Shimadzu LabSolutions IR software, applying data interpolation to more precisely 
determine the features of selected vibration bands upon heating. 
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RESULTS AND DISCUSSION 
The diluted regime: Self-Aggregation and Phase Behavior of T908. The phase 
behavior of T908 in water at natural pH (non-buffered, ca. 8.8) is shown in Figure 1. 
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Figure 1. Phase diagram of T908 in water and D2O showing the gel and sol regions 
 
The threshold concentration for gel formation is 20%, when heated up to 50 ºC. At 
higher concentrations, the onset of gelation occurs at lower temperatures and the gel 
phase extends over a wider span of temperatures. At higher concentrations, the gel 
phase expands and at 40% the samples are gels at room temperature. At acidic pH 
(pH < 2, below pKa1), gelation is fully suppressed at concentrations as high as 40%, 
and up to 70 ºC. This effect results from the protonation of the central diamine group 
that hinders self-assembly. A similar behaviour has been observed with Tetronic 1307, 
which presents nearly the same HLB (>24) but a lower molecular weight (18,000 
g·mol
-1
).
21
 By replacing H2O by D2O (used to optimize the contrast in SANS 
measurements), the onset of gelation shifts to lower temperatures (Figure 1). This 
effect has also been reported by Gille et al.
38
 on Pluronic gels, and explained in terms 
of the different relative strength of the hydrogen bonds between EO and D2O 
compared to H2O.  
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Focusing on the effect of pH for 30% T908 with D2O as the solvent, the phase 
behaviour at pH 6.6 (between pKa1 and pKa2) shows a more gradual gel formation 
than at natural pH (i.e. a larger region of viscous solutions), with the onset of gelation 
shifting to higher temperatures compared to natural pH. This evidence suggests an 
important effect of the pH and a non-negligible impact of the solvent (H2O vs. D2O), 
which will be described in more detail later on through SANS and rheology 
experiments. 
Figure 2. Intensity size distributions as a function of temperature (in ºC) obtained by DLS in D2O: (A) 
1% T908; (B) 5% T908; (C) 5% T908 buffered at pH 1.3. 
 
In the dilute regime, both unimers and micelles are expected to coexist, above a 
certain temperature. Figure 2A shows the intensity size distribution in D2O of 1% 
T908 at different temperatures obtained from DLS. Unimers are detected at 20 ºC, 
with a hydrodynamic radius, Rh, of 4.0 nm. At 30 ºC, the size distribution becomes 
wider and the unimers expand to 4.3 nm; at 40 ºC, the distribution becomes bimodal, 
marking the onset of micellization. At 50 ºC, a single peak is present with Rh = 9.7 nm, 
reflecting the predominance of micelles. At higher temperatures, micelles are formed, 
with hydrodynamic radii of 9.8 and 10.2 nm at 60 and 70 ºC, respectively, with a 
narrower size distribution.  
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To evaluate the effect of concentration on micellar size, intensity size distributions 
were determined at 5% T908 (Figure 2B). The general trend is similar to the one at 
1% (Figure 2A): micellization also starts at 40 ºC, but the bimodal distribution 
(unimers + micelles) extends over a much broader range of temperatures, up to 70 ºC, 
suggesting a more gradual micellization, and showing a stronger impact of 
temperature at low concentration, in agreement with literature.
29
 Acidic pH induces a 
shift in the micellization temperature, and a single peak corresponding to the micelles 
is not detected until 70 ºC (Figure 2C). The hydrodynamic radius of the unimers is 
very similar (Rh = 2.4 nm at 20 ºC) to the one at natural pH at the same concentration 
(Figure 2B). Instead, the micelles are smaller at these conditions, pointing to a lower 
aggregation number than at natural pH, most likely a consequence of the protonation 
of the diamine spacer that hinders the assembly of the PPO blocks. 
 
More detailed structural information on the unimers and micelles in the dilute regime 
can be obtained from SANS. Figure 3 shows the scattering patterns obtained for T908 
solutions in D2O under different conditions. A four-arm star-shape polymer model 
was used to fit the scattering from the unimers, as described previously.
23,37
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Figure 3. SANS curves for 1% T908 as a function of temperature at: (A) natural pH; and (B) pH = 2. 
Solid lines are fits to the different models (see text). 
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For 1% T908 at 20 and 30 ºC (where DLS shows that only unimers are present, 
Figure 2A), radii of gyration, Rg, of 4.4 and 4.5 nm are obtained (Table 1). These 
values are close to the hydrodynamic radii of 4.0 and 4.3 nm, respectively, obtained 
from DLS at the same concentration. At 40 ºC the scattering increases because of the 
onset of micelle formation, and at 50ºC micelles dominate the scattering (as shown 
also from DLS, Figure 2A), although some unimers may still be present. Hence, the 
overall intensity at 40 and 50 ºC can be modelled as the sum of two contributions, one 
due to the free unimers, and another one to the micelles, weighted by their respective 
volume fraction. It is reasonable to assume that, given the low concentration (1%), 
intermicellar interactions (and thus the structure factor) can be neglected. A core-shell 
sphere model (CSS) combined with a star polymer model was thus used to fit the data 
at these temperatures (Table 1). The radius of gyration, Rg of the unimers was set to 
that at 20ºC. The sld of the core consistently converged in the calculations to a small 
value, close            p    P  (ρPO = 3.44·10
-7
 Å
-2
), reflecting a very dehydrated core, 
as observed for other poloxamines,
21–23
 hence this parameter was also kept constant in 
further fits to reduce the number of fitting parameters. A simultaneous fit was 
performed in which the scattering length density of the shell at both 40 and 50 ºC was 
constrained, in order to monitor the effect on the micellar dimensions and volume 
fraction. The results obtained are shown in Table 1. At 50 ºC the total micellar size 
(core radius + shell thickness) is 9.6 nm, close to the Rh = 9.7 nm obtained by DLS 
(Figure 1A). The sld of the shell, ρshell, is close to that of D2O (6.36·10
-6
 Å
-2
), 
confirming the high hydration of the hydrophilic PEO corona (94% D2O, very similar 
to 5% F127 micelles at 92% D2O)
39
, common in poloxamines
21,22
 and poloxamers.
39,40
 
In comparison, F127 micelles (5%, 37 ºC) display a corona of similar thickness (6.4 
nm) but a slightly larger core (4.5 nm), resulting in slightly larger micelles (ca. 10.9 
nm).
39
 A relatively low aggregation number is obtained with T908 (Nagg = 13), similar 
to T1107 (Nagg = 12)
22
 and lower than T1307 (Nagg = 19)
21
 or T904 (Nagg = 28)
23
. The 
trend indicates that the higher the hydrophilicity of the polymer, the lower the number 
of unimers per micelle. On the other hand, the volume fraction of micelles at 40ºC is 
ca. 6 times smaller than at 50ºC, suggesting that a substantial micellar phase is only 
obtained above 50 ºC at 1%, as also shown by DLS (Figure 2A). The micelles at this 
temperature are also smaller (8.2 nm), with a lower aggregation number, as they 
correspond to aggregates which are not yet fully formed. 
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Table 1. Structural parameters of 1% and 10% T908 unimers and micelles extracted from SANS data 
analysis at natural and acidic pH: Rg (radius of gyration of Tetronic unimers), Rc (core radius), t (shell 
thickness), ϕ (volume fraction), ρshell (scattering length density of the shell), Nagg (aggregation number), 
nsolv/EO (number of solvent molecules per EO unit in the shell).  
 
T908 / 
wt% 
T / ºC 
Rg / 
Å 
Rc / Å t / Å ϕ ρshell 10
6 
/ Å
-2
 Nagg nsolv/EO 
1 20 44 - - - - - - 
1 30 45 - - - - - - 
1 40* 44 18.2 64.2 0.002 5.81 7 93 
1 50* 44 33.1 62.5 0.013 5.81 13 72 
1 50 (pH = 2) 46 - - - - - - 
10 50** 
 
37.1 54.2 0.414 6.18 5 179 
*Obtained by using a combined model (star polymer + CSS) 
** Obtained with a combined model (CS-HS + Ornstein-Zernicke correlation length) 
 
The effect of acidic pH, already shown by DLS to induce a shift of the micellization 
to higher temperatures (Figure 2C), is also visible in the SANS curves (Figure 3B): 
the thermal effect on micellization is almost cancelled by acidic pH and no 
micellization occurs at temperatures as high as 50 ºC (only unimers of Rg ~ 4.6 nm are 
present, a size similar to natural pH). 
 
The critical micellar concentration (cmc) of T908 at 25, 37 and 50 ºC was determined 
using pyrene fluorescence, focusing on the well-known dependence of the intensities 
of the I and III vibronic bands (λ1 = 372      d λ3 = 384 nm) with the 
micropolarity.
41
 At all temperatures studied, the fluorescence of these bands (I1 and 
I3) decreases with concentration, with a marked change in the slope at 37 ºC (SI, 
Figure 4B) but particularly at 50 ºC (Figure 4A), while no clear tendency is detected 
at 25 ºC (SI, Figure 4A), in agreement with the absence of micelles at this temperature. 
Figure 4B represents I1 and the I1/I3 ratio at 50 ºC as a function of T908 concentration. 
I1 decreases with concentration due to the quenching of pyrene fluorescence produced 
by T908. The I1/I3 ratio also decreases with concentration, in accordance with the 
literature,
42,43
                               py    ’   yd  p        v         as the 
concentration of the Tetronic increases, the aggregation occurring in a rather broad 
interval of concentrations. The cmc can be taken as the minimum in the I1 curve 
(which roughly corresponds to the inflection point of the I1/I3 ratio), resulting in a 
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value of 0.16 mM (0.4%) at 50 ºC (Figure 4B) and 0.24 mM (0.6%) at 37 ºC (SI, 
Figure 2B). Under different conditions (0.9% NaCl at 25 ºC), Ribeiro et al.
44
 reported 
a cmc value of 0.24 mM , and Gonzalez-Lopez et al.
18
 estimated a similar value in 10 
mM HCl at 25 ºC, using surface tension measurements.  
Further information about the fluorescence quenching produced by T908 on pyrene 
can be obtained from emission lifetime spectroscopy. The quenching effect on the 
pyrene decay as a function of surfactant concentration is shown in SI, Figure 3, and 
the decays analyzed according to Eq.6. As previously observed in the steady state 
experiments, the addition of the amphiphile quenches the fluorescence of pyrene, 
causing a faster decay (shorter lifetime) that follows Eq.7.   
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Figure 4. (A) Fluorescence spectra (arbitrary units) of pyrene as a function of the concentration of 
T908 at 50ºC. (B) Intensity of the I1 vibronic band (red) and the I1/ I3 ratio (black). 
 
Pyrene lifetime has been found to depend on a number of factors, such as the nature 
and concentration of dissolved gasses, for example, with a typical value in water of 
126 ns.
45
 The presence of fluorescent impurities is usually reflected in the curves as 
an extra short lifetime decay whose contribution to the overall intensity is relatively 
small.
46
 According to this, the exponential analysis done includes two decays, a slow 
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one for pyrene (τ2), and a fast decay corresponding to the impurities (τ1). The results 
are gathered in Table 2. 
 
Table 2. Fluorescence lifetimes of pyrene and contributions to the overall intensity as a function of 
T908 concentration at 25 and 50 ºC (fluorescence lifetime of species 1 and 2). 
 
T / º C 
T908 / 
wt% 
τ1 / ns τ2 / ns ϕ1 ϕ2 
25 
0 11 ± 1 152 ± 3 1.6 98.4 
0.2 3.09 ± 0.07 115 ± 2 15.9 84.1 
0.4 0.6 ± 0.1 103 ± 3 39.7 60.3 
0.5 0.7 ± 0.1 101 ± 3 45.9 54.1 
0.7 0.90 ± 0.08 92 ± 3 57.2 42.8 
50 
0 4.8 ± 0.3 117 ± 1 3.0 97.0 
0.2 3.76 ± 0.05 47.9 ± 0.8 57.5 42.5 
0.4 4.49 ± 0.06 34.5 ± 0.7 72.6 27.4 
0.5 3.85 ± 0.05 26.7 ± 0.6 79.1 20.9 
0.7 3.33 ± 0.07 22.2 ± 0.5 78.1 21.9 
ϕx represents the relative fluorescence intensity of each species (pyrene and impurities), calculated as 
    
    
         
 100 
 
At both temperatures studied, the lifetime of pyrene, τ2, diminishes with T908 
concentration, as expected, and the temperature induces a faster fall in the lifetime at 
the same concentration. Stern-Volmer constants for the quenching with T908 at both 
temperatures were obtained by using Eq. 7. In order to ensure unimers were the only 
species in solution, only data below the cmc (0.16 mM) were used, resulting in 3.5 ± 
0.5 M
-1
 at 25 ºC (KD,25ºC) and 17.90 ± 0.08 M
-1
 at 50 ºC (KD,50ºC). The fact that KD,25ºC 
< KD,50ºC indicates a typical dynamic quenching process. The rate of collisions 
increases with temperature, producing a reduction in the relative fluorescence 
intensity of pyrene. Interestingly, no quenching was observed between pyrene and 
4000-PEG (SI, Figure 4), suggesting that it is the PPO moiety, containing the diamine 
spacer, which is responsible for the attenuation of the fluorescence. The Stern-Volmer 
constant obtained with concentrations above the cmc at 50 ºC resulted in KD,50ºC = 15 
± 1 M
-1
, which is close to that obtained over the unimers concentration range at that 
temperature. 
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Concentrated regime: The Gel Phase. Raising the temperature and/or increasing the 
concentration of T908 induces the formation of physical gels (Figure 1). Firstly, the 
interval up to 15% was studied before focusing on the gel phase at higher 
concentration. In this region, a mixture of both unimers and micelles in solution is 
expected, depending on the temperature and concentration. As an example, SANS 
curves for 10% T908 are shown in Figure 5. At 20 ºC, there are no micelles in 
solution, which is reflected by the low scattering and a shape of the curve similar to 
the one at 1% (Figure 3A). At 30 ºC, a small fraction of micelles is present; from 40 
ºC, and more so at 50 ºC, the fraction of micelles increases. Focusing on the scattering 
at 50ºC, in spite of the higher fraction of micelles, the presence of unimers is not 
negligible and must be taken into account (since the cmc is 0.4 % at this temperature). 
In addition, there will be a certain excess scattering in the high q-region, due to the 
dissolved chains of PEO surrounding the core, which become visible at high 
concentrations
39
. To include all these contributions, we have built a fitting model that 
accounts for the interactions between core-shell spheres with a HS structure factor, 
and incorporates the scattering due to the free unimers plus the chains of PEO 
surrounding the core into an empirical Lorentz-type function, with an associated 
correlation length , which gives an estimate of the average entanglement length for a 
semi-dilute solution of polymeric chains. The results obtained with this model for a 
10% Tetronic solution are shown in Table 1. For the micelles, ρcore was left to float, 
resulting in a considerably higher value than that of pure PPO (ρcore = 4.02·10
-6
 Å
-2
), 
which reflects that, apart from the shell, the micellar core is also considerably 
hydrated, with nsolv/PO = 44. Micellar sizes of around 9 nm in radius were obtained, 
slightly smaller and with a lower Nagg than in the dilute regime (Nagg = 13), as a result 
of the increased core hydration and smaller shell thickness. Regarding the effect of 
pH at intermediate concentrations of poloxamine, it is similar to that observed in 
dilute conditions, namely, micellization is inhibited at acidic pH, even at 50 ºC 
(Figure 5). 
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Figure 5. SANS curves for 10% T908 in D2O as a function of temperature at natural and acidic (AC) 
pH. The solid line is the fit to a CSS-HS + four-arm star polymer. 
 
The aggregation of T908 at 10% was further studied by FTIR. Infrared spectroscopy 
provides information at a molecular level on changes in the chemical surroundings of 
specific functional groups, such as those occurring during the micellization. The 
aggregation of Pluronic F127
47
 and Tetronic T1107
22
 were recently studied by this 
technique by monitoring the band at 1085 cm
-1
, which corresponds to the combination 
of stretching and vibration bands of the C-O-C from EO and PO monomers. The 
results obtained for T908 as a function of the temperature are shown in SI, Figure 5. 
In this plot, the maximum wavenumber at 20 ºC (1082.75 cm
-1
) was subtracted from 
the value at each temperature (SI, Figure 5A), showing a small but significant shift of 
the C-O-C band to higher wavenumbers. This shift is more gradual (from 30 to 50 ºC) 
in T908 than the observed with T1107 which, at the same time, is smoother than that 
for Pluronic F127. The more open structure of T908 (large hydrophilic chain), 
capable of accommodating a large number of solvent molecules compared to T1107 
may explain why changes in hydration occur smoothly.  
 
Increasing the concentration of T908 induces the formation of physical gels (see the 
phase diagram in D2O in Figure 1). Figure 6 shows the SANS patterns obtained with 
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30% T908 at non-buffered pH (ca 8.8) as a function of the temperature. At 25 ºC, 
both unimers and micelles coexist. Only a combined model with star polymer, CSS 
and HS (due to high the concentrations used) would be required to provide a 
satisfactory fit. Raising the temperature induces the full aggregation into micelles and 
their organization into a macro-lattice structure, leading to gel formation.  
 
The long-range order sustaining the gel is visible from the sharp diffraction peaks in 
the 0.07-0.09 Å
-1
 q-region, typical of a paracrystalline structure. We fitted the data 
with the three cubic models: SCC (simple cubic), FCC (face centred), and BCC (body 
centred), and the best fits were obtained with the latter type of packing, in accordance 
with Habas et al.
31
 for this block copolymer. In these models, the radius of the sphere 
corresponds roughly to the micellar core plus the denser part of the corona, as the 
shell is formed by largely hydrated PEO, with a low contrast compared to the solvent. 
     d                   d         p                         PP  (ρPO = 3.44·10
-7
 Å
-2
), 
which corresponds to the core of the micelle. The lattice spacing (dnn) and volume 
fraction of the spheres (ϕ) were set as floating parameters. The different calculated 
parameters at natural and intermediate pHs are shown in Table 3. 
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Figure 6. SANS curves for 30% T908 in D2O as a function of temperature at natural pH. Solid lines 
are fits to the different models as described in the text. 
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The radius of the packed spheres is 30, 31 and 35 Å at 35, 45 and 65 ºC, respectively, 
in excellent agreement with the micellar core size in dilute conditions (Rc = 31.6 Å). 
The micellar volume fractions are close to 0.68 (Table 3) as expected for a BCC 
packing. At 35 and 45 ºC, the volume fractions obtained are higher than 0.68, which 
suggest a certain degree of overlap of the hydrophilic shells from neighboring 
micelles. Assuming an ideal BCC packing, where spheres are in contact along the 
diagonal of the cube, the radius of the micelle (R) is given by 
  
  
 
   Eq. 8 
resulting sizes of 83, 84 and 85 Å, at 35, 45 and 65 ºC respectively. These values are 
somewhat lower than those obtained under dilute conditions (R = 10 nm, Table 1), 
most likely because of the overlapping of the shells in the concentrated regime. A 
similar size was reported by Habas et al., who obtained 78 Å as the total micellar 
radius for 30% T908 at 38 ºC.
31
Table 3. Structural parameters of 30% T908 extracted from SANS data analysis: d factor (paracrystal 
distortion factor), dnn (lattice spacing), ϕ (volume fraction of spheres), Rc (sphere radius), R (total 
micellar radius). 
T / ºC pH d factor dnn / Å ϕ Rc / Å Rmicelle / Å 
35 8.8 0.0784 192 0.75 30 83 
45 8.8 0.0776 194 0.74 31 84 
65 8.8 0.0790 196 0.63 35 85 
45 6.6 0.0803 191 0.71 30 83 
65 6.6 0.0796 196 0.64 34 85 
The effect of pH was studied for a 30% T908 solution (Figure 7A). At pH = 6.6, 
higher temperatures (ca. 10ºC higher) are required to achieve the gelation of the 
system compared to natural pH. The nanostructural features are similar to those 
obtained at natural pH (Table 3), meaning that intermediate pH shifts the onset of 
gelation but does not affect micellar shape and packing. 
As expected, acidic pH (pH = 1.6) totally inhibits the formation of a paracrystalline 
structure, which is reflected in the SANS patterns as the absence of sharp diffraction 
peaks and a lower overall scattering (Figure 7B). In those conditions, small micelles 
(with radius of 62 and 67 Å, at 45 and 65 ºC, respectively) with low aggregation 
numbers (< 4) are obtained from the CSS-HS model (data not shown), showing 
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further hindrance to micellization at very acidic pH, compared to natural and 
intermediate pHs. 
0.01 0.1
1
10
100
0.01 0.1
1
10
d

d

 /
 c
m
-1
q (Å
-1
)
 25 ºC
 35 ºC
 45 ºC
 65 ºC
A
  
 25 ºC
 35 ºC
 45 ºC
 65 ºC
B
 
Figure 7. SANS curves for 30% T908 in D2O as a function of temperature: (A) at pH = 6.6; and (B) at 
pH = 1.6. Solid lines are fits to the different models. 
 
Overall, the SANS measurements in the concentrated regime demonstrate the 
influence of temperature, concentration and pH on structure and the gelation process.  
 
Next, oscillatory rheology is used to study the mechanical properties of the gels, by 
following the evolution of the elastic (G’) and viscous (G’’) modulus as a function of 
temperature and frequency. Figure 8 shows temperature curves measured over the 
range 20 to 80C at natural pH, fixed strain (1%) and frequency (6.28 rad·s-1). All 
curves show a smooth increase of both moduli as the temperature increases, reflecting 
an increase in both the elasticity and the viscosity of the solutions. From 20% T908, 
both moduli reach a plateau, preceded by a sharp increase, which shifts to lower 
temperatures as the concentration increases. From the phase behaviour studies, using 
the crude method of tube inversion, no gel was detected at 10% and 15%, which here 
is denoted by the absence of a plateau in the temperature sweep. At higher 
concentrations, the plateau is reached at 55, 42 and 35 ºC for 20, 25 and 30 % of T908, 
respectively, in agreement with the phase diagrams (Figure 1) and SANS results 
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(Figure 6), in which the sharp crystalline peaks denoting the appearance of a 
macrolattice obtained at 35 ºC with 30% of T908. At 20%, a decrease of both moduli 
is detected at ca. 70 ºC, which however does not lead to flow (Figure 1). Gels with 
higher elastic modulus (G’) are obtained for 25 and 30% of T908 (ca. 30k Pa). 
Several criteria are used in the literature to determine the temperature of gelation 
(Tgel), such as the cross-over between G’ and G’’, or an arbitrary threshold value of 
G’.48,49 Here it is clear from the phase diagrams that the very high values reached by 
G’ and G’’, or indeed the predominance of G’   d  ’’  do not reflect the onset of a 
gel phase, and a full frequency sweep at these temperatures would probably show a 
predominantly solid-like behaviour at  high frequencies with however a liquid-like 
behaviour (flow) occurring over a substantial range of frequencies, since these 
samples were shown to flow in the tube inversion test. Instead, the onset of gelation 
seem to correspond to the appearance of the plateau, and a frequency sweep of 30% 
T908 at 50 ºC (SI, Figure 6) indeed shows G’ higher than G’’ over a wide range of 
frequencies, denoting a highly structured sample, with very large relaxation times. G’ 
and G’’ are however both dependent on frequency, showing a behaviour similar to 
entanglement networks, rather than crosslinked gels.  
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Figure 8.           y        y d    (□ G’ and – G”) showing temperature sweeps as a function of 
T908 concentration in water at natural pH, 6.28 rad·s
-1
 frequency, 1% strain and 2 ºC/min heating rate. 
At intermediate pH (Figure 9), the gels are obtained at 40 and 55 ºC for 30 and 25%, 
respectively. For 20% T908, gelation does not occur, a behaviour similar to the one 
observed at 15% at natural pH, while gel phase is obtained for 25 and 30% over a 
wide range of temperatures. For 30% of T908, the results are in accordance with 
SANS data, where the well-defined paracrystalline structure of the gels was obtained 
at 45 ºC, but not at 35 ºC (Figure 7A). 
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Figure 9.           y        y d    (□ G’ and – G”) showing temperature sweeps as a function of the 
T908 concentration in water at intermediate pH, 6.28 rad·s
-1
 frequency, 1% strain and 2 ºC/min heating 
rate. 
Figure 10 summarizes the effect of pH by comparing the traces of G’ obtained at 
natural and intermediate pHs. The figure clearly shows the shift in the gelation 
temperature as the pH decreases. This effect is more pronounced at lower 
temperatures. However, for both pH conditions, the same general behavior is 
observed, with this shift in Tgel. 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
22 
 
Overall, higher temperatures are required at intermediate pH to achieve the gelation of 
the systems. However, once a threshold concentration and temperature are reached, 
similar G’ values are obtained to those at natural pH, in line with the similar structural 
features of the gels deduced from SANS. 
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Figure 10. Oscillatory rheology data (■           d □ intermediate pHs) showing temperature sweeps 
as a function of the T908 concentration in water, 6.28 rad·s
-1
 frequency, 1% strain and 2 ºC/min 
heating rate. 
 
Finally, the effect of replacing water by D2O as the solvent on the gel behavior was 
examined. SI, Figure 7 clearly shows the shift in the onset of gelation towards lower 
temperatures in D2O, compared to H2O, as already identified by visual observation 
(Figure 1, SI, Figure 1 and SI, Figure 2), in accordance with Gille et al.
38
 and the 
different relative strength of the hydrogen bond network, as explained above. 
 
CONCLUSIONS 
This work reports the micellization and gelation process of a very large, highly 
hydrophilic tetrablock copolymer: Tetronic 908 (T908), as a function of temperature, 
concentration and pH. A minimum temperature is required for the formation of 
micelles at low concentration of the amphiphile. Those micelles display a core-shell 
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architecture with a dehydrated core and a highly hydrated shell (94% D2O), with 
relatively small aggregation numbers (Nagg = 13 at 1% and 50 ºC), lower than other 
less hydrophilic poloxamines. Micellization is notably affected by the degree of 
protonation of the central amine spacer, producing a shift of the cmc to higher 
concentration at acidic pH. In the concentrated regime, the micellised fraction 
increases and strong inter-micellar interactions are detected. At 10 and 15 %, the 
micelles are slightly smaller and present a higher hydration of the core than in the 
dilute regime. At high concentration (> 20%) and temperature, T908 undergoes a sol-
to-gel transition. SANS data analysis shows the onset of long-range order reflected by 
sharp scattering peaks, which are consistent with a BCC order of tightly packed 
spheres. This compact packing of the micelles results in a slight shrinkage of the 
micelles, compared to dilute conditions, implying some overlapping of the PEO-
containing shells. The temperature of gelation decreases as the concentration 
increases, and the value of the elastic modulus, G’, also increases. The pH hinders the 
gelation process: at intermediate pH, between pKa1 and pKa2, the gelation is shifted to 
higher temperatures, however, once gels are formed, the morphology of the gels is 
identical to natural pH. At very acidic pH, the gelation is completely suppressed. 
Overall, the morphology of the micelles and gel characteristics of T908 are very close 
to Pluronic F127, which has been widely used as a drug nanocarrier, in particular in 
the cancer arena, because of its ability to overcome multidrug resistance. This makes 
T908 an equally, or perhaps superior, candidate, because of the added feature of pH-
responsiveness, which provides an additional handle towards targeted delivery. Given 
the already proven potential of T908 as a biomaterial, this study provides a strong 
structural basis towards the development of T908 micellar gels for bespoke delivery 
applications. 
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